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The specification of different muscle cell types in the zebrafish embryo requires signals that emanate from the axial
mesoderm. In previous studies we and others have shown that overexpression of different members of the Hedgehog protein
family can induce the differentiation of two types of slow-twitch muscles, the superficially located slow-twitch fibres and
the medially located muscle pioneer cells. Here we have investigated the requirement for Hedgehog signalling in the
specification of these distinct muscle cell types in two ways: first, by characterising the effects on target gene expression and
muscle cell differentiation of the u-type mutants, members of a phenotypic group previously implicated in Hedgehog
signalling, and second, by analysing the effects of overexpression of the Patched1 protein, a negative regulator of Hedgehog
signalling. Our results support the idea that most u-type genes are required for Hedgehog signalling and indicate that while
such signalling is essential for slow myocyte differentiation, the loss of activity of one signal, Sonic hedgehog, can be
partially compensated for by other Hedgehog family proteins. © 1999 Academic Press
Key Words: zebrafish; Patched1; Sonic hedgehog; Gli2; u-type mutants; muscle fibre type; myoD; myosin heavy chain;
you; you-too; sonic you; chameleon; u-boot.
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lINTRODUCTION
The patterning of both the somites and the neural tube in
vertebrate embryos requires inductive interactions between
these tissues and the notochord. A large body of evidence
now indicates that signalling by members of the Hedgehog
(Hh) family of proteins plays a fundamental role in mediat-
ing these interactions (reviewed in Placzek, 1995; Tanabe
and Jessell, 1996; Currie and Ingham, 1998). In amniotes,
Sonic hedgehog (Shh) protein induces the differentiation of
both sclerotome and epaxial muscle in the paraxial meso-
derm (Chang et al., 1994; Fan et al., 1995; Fan and Tessier-
Lavigne, 1994; Johnson et al., 1994; Munsterberg et al.,
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All rights of reproduction in any form reserved.995; Borycki et al., 1998) and acts in a dose-dependent
anner to specify different cell types in the ventral neural
ube (Ericson et al., 1997).
Transduction of Hh signals proceeds via their interaction
ith multipass transmembrane proteins encoded by mem-
ers of the patched (ptc) gene family (reviewed in Ingham,
998a). Studies in Drosophila have established that Ptc acts
o negatively regulate the Hh signalling pathway by inhib-
ting the activity of Smoothened (Smo), a G-protein-coupled
eceptor-like transmembrane protein required to transduce
h activity into the cell (reviewed in Ingham, 1998b).
inding of Hh to Ptc relieves its inhibition of Smo, resulting
n the activation of the Cubitus interruptus (Ci) protein, a
ember of the Gli family of zinc-finger-containing tran-
cription factors. One of the genes whose transcription is
egulated by Hh via Ci is ptc itself (Alexandre et al., 1996):
s a result, cells that respond to Hh express elevated levels
f the Ptc protein which sequesters its ligand, effectively
imiting the range of Hh signalling (Chen and Struhl, 1996).
hus Ptc fulfils two distinct roles in Hh signalling, both
ransducing the activity and limiting the diffusion of the
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470 Lewis et al.signal. Studies of the expression and function of vertebrate
homologues of Ptc have suggested a similar dual function
for these proteins in vertebrate Hh signalling (reviewed in
Ingham, 1998a). Expression analysis reveals that ptc1 is
transcribed at high levels around the domains of expression
of all the known Hh family genes, consistent with it being
a target of Hh signalling (Concordet et al., 1996; Goodrich
et al., 1997; Marigo et al., 1996) and in line with this,
ectopic expression of Shh has been shown to be sufficient to
cause the spatially inappropriate expression of ptc1 in
mouse, chick, and zebrafish (Concordet et al., 1996; Good-
rich et al., 1997; Marigo et al., 1996). Moreover, inactiva-
tion of the mouse ptc1 gene by targeted mutation results in
defects consistent with a derepression of the Hh pathway in
the neural tube (Goodrich et al., 1997).
In the zebrafish, ptc1 is initially most prominently ex-
ressed in the presomitic mesoderm in two stripes of cells
mmediately adjacent to the axial mesoderm (Concordet et
l., 1996), suggesting that these so-called adaxial cells
Thisse et al., 1993) respond directly to Hh signalling from
he notochord. Adaxial cells give rise to slow-twitch muscle
bres in the zebrafish myotome (Devoto et al., 1996) and
everal lines of evidence suggest that Hh signalling is
esponsible for the specification of this muscle type. The
ene encoding the muscle-specific transcription factor
yoD is first expressed in the adaxial cells and its expres-
ion can be inappropriately induced throughout the pre-
omitic paraxial mesoderm by the ectopic expression of Shh
r by inhibition of protein kinase A (Concordet et al., 1996;
ammerschmidt et al., 1996; Ungar and Moon, 1996;
Weinberg et al., 1996), which in Drosophila suppresses Hh
signalling by repressing the activity of Ci (reviewed in
Ingham, 1998b). Moreover, misexpression of Shh is suffi-
cient to convert the entire myotome to slow-twitch muscle
fibres (Blagden et al., 1997; Du et al., 1997). Conversely,
mutations of the bozozok (boz) gene that eliminate the
notochord, and hence the expression of shh in the midline
mesoderm, fail to differentiate slow-twitch muscle (Blagden
et al., 1997). In contrast, no tail (ntl) mutant embryos,
although lacking a differentiated notochord, retain signifi-
cant shh expression along their axial midline in cells that
ultimately contribute to the neural tube (Krauss et al.,
1993; Halpern et al., 1997). In these embryos, slow-twitch
muscle still forms as expected (Blagden et al., 1997) but a
specialised subclass of the slow-twitch muscle population,
the muscle pioneer (MP) cells, fails to differentiate (Halpern
et al., 1993). This characteristic of ntl mutants led to the
suggestion that MP cells may require the activity of an
additional notochord-derived signal for their induction: a
good candidate for such a signal is another member of the
Hh family, Echidna hedgehog (Ehh), which in wild-type fish
is expressed exclusively in the notochord but is not ex-
pressed in ntl mutant embryos (Currie and Ingham, 1996).
Consistent with this proposal, we previously found that
Ehh and Shh can act synergistically when overexpressed,
inducing supernumerary MPs throughout the ventral por-
tion of the myotome (Currie and Ingham, 1996); however,
Copyright © 1999 by Academic Press. All rightother authors have reported that high level expression of
Shh or of other Hh family members is sufficient to induce
MP differentiation (Du et al., 1997; Hammerschmidt et al.,
1996; Schauerte et al., 1998). In summary, while the avail-
able data provide good evidence that Hh signalling activity
is sufficient to induce slow-twitch muscle differentiation in
the zebrafish, the extent to which the different Hedgehog
proteins contribute to this process in normal development
remains unclear.
Amongst the many mutations identified in the large-
scale zebrafish screens is a group characterised by their
common somite phenotype: in these mutant embryos, the
myotome loses its distinctive chevron shape and becomes
more rounded or “u”-shaped, leading to the designation of
this class as the “u”-type mutants (van Eeden et al., 1996).
Like the notochord-less mutants boz and ntl, u-type mu-
tants lack MPs; unlike the former, however, embryos mu-
tant for you (you), you-too (yot), sonic-you (syu), chame-
leon (con), and u-boot (ubo) all have normal notochords,
leading to the suggestion that they may directly disrupt the
signalling pathway required for MP induction (van Eeden et
al., 1996). Consistent with this suggestion, two members of
this class have recently been shown to map to genes
encoding components of the Hh signalling pathway. The
syu mutations map to the shh gene itself (Schauerte et al.,
1998), while mutations in the gene encoding the transcrip-
tion factor Gli2, a homologue of the Drosophila Ci protein,
are responsible for the yot mutant phenotype (Karlstrom et
al., 1999).
In this study, we have used these mutants to investigate
the effects of disrupting Hh signalling on the specification
of the different muscle cell types. In addition, using the
expression of ptc1 as an indicator of Hh activity, we have
investigated which of the other genes identified by u-type
mutants are directly involved in Hh signalling and have
compared the effects of all these u-type mutants on muscle
differentiation with the effects of inhibiting Hh signalling
by overexpression of the ptc1 gene. Our results provide the
rst direct evidence that Hh signalling is required for the
pecification of superficial slow muscle as well as of MPs.
urprisingly, however, we find that Shh activity is not
ssential for all slow muscle development. Our data also
how that attenuating Hh signalling activity can separate
low muscle differentiation from MP induction and imply
hat cells respond differentially to the concerted activity of
ll the Hh proteins expressed in midline structures.
MATERIALS AND METHODS
Propagation and Identification of Mutants
Except where noted to the contrary the following alleles were
used: yotty119, ubotp39, contm15, youty97 (van Eeden et al., 1996), and
yut4 (Schauerte et al., 1998). In most cases these are the strongest
vailable alleles of each locus. syut4 is a deletion that includes theshh gene (Schauerte et al., 1998) and has a phenotype similar to
those of other alleles of syu.
s of reproduction in any form reserved.
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471Hedgehog and Muscle Specification in ZebrafishFor the analysis of ptc1 and myoD expression at early stages of
development, the total progeny of heterozygous parents were
collected and processed for in situ hybridisation. Embryos exhibit-
ing obvious deviations from the wild-type expression patterns were
then selected and counted. The number of such aberrant embryos
over the total processed is indicated in square brackets in the text.
In most cases the expected Mendelian ratios of mutants to wild-
type progeny were observed.
At later stages of development, mutant embryos were identified
either on the basis of somite morphology prior to sectioning for the
analysis of myosin heavy chain (MyHC) staining or by the expres-
sion of Engrailed (Eng) proteins as visualised by staining with mAb
4D9. In the latter case, the Eng antibody staining was the last step
in the analysis; thus mutant and wild-type embryos were processed
in the same tube and hence treated identically throughout the
collection, fixation, and in situ hybridisation procedures.
Fish were reared on a 14 h light/10 h dark cycle in a continuously
irculating system at 27.5°C.
In Situ Hybridisation and Immunohistochemistry
In situ hybridisation was performed as previously described in
oncordet et al. (1996). Probes were synthesised from templates as
previously described: shh (Krauss et al., 1993), myoD (Weinberg et
al., 1996), ptc1 (Concordet et al., 1996), twhh (Ekker et al., 1995),
and ehh (Currie and Ingham, 1996).
Antibody stainings for Eng were performed as described (Wester-
field, 1995) using the 4D9 monoclonal antibody (Patel et al., 1989).
Slow and fast muscle antibody stainings were performed as de-
scribed (Blagden et al., 1997).
Specimens were analysed using a Zeiss Axioplan microscope and
photographed with Kodak Ektachrome 64T film. Images were
scanned on either a Sprintscan 35 slide scanner or a Nikon LS-1000
35-mm film scanner and processed using Adobe PhotoShop soft-
ware.
mRNA Injections
A full-length expression construct for ptc1, ptc1A, was created
by cloning the ptc1 ORF (Concordet et al., 1996) into the
pSP64TXB vector. Capped ptc1 mRNA and mRNA encoding a
nuclear-localised b-galactosidase were synthesised from linearised
pSP64T-ptc1 and pCS2-n-bgal plasmids, respectively, using the
Ambion Message Machine kit according to the manufacturer’s
instructions. ptc1 mRNA (1 mg/ml) was injected into one-cell
wild-type zebrafish embryos (1–2 nl per embryo) and the embryos
were allowed to develop to the desired stage. In order to account for
nonspecific effects of ptc1 mRNA injections and also to control for
the distribution of the injected message and the localisation of the
resulting phenotype, n-bgal mRNA was injected either alone at 1
g/ml concentration or together with ptc1 mRNA at 0.25 mg/ml
concentration. Injection of n-bgal RNA alone did not have any
effects on embryonic development. Injections were done in several
duplicate batches; 150 embryos were injected and analysed in each
batch. Optimal effects were obtained at a concentration of 1
mg/ml; lowering the dose to 0.5 mg/ml resulted in a significant
decrease in the frequency of embryos showing inhibition of slow
muscle development.
Copyright © 1999 by Academic Press. All rightRESULTS
Aberrant Expression of ptc1 Reveals Distinct
Requirements for Shh and Gli-2 Activities and
Implicates con and you, but Not u-boot,
in Hh Signalling
Various studies in Drosophila as well as in vertebrate
embryos have established that transcription of patched
genes is up regulated in response to Hh signalling. We
therefore used the expression of zebrafish ptc1 as an assay
for Hh activity in each of the u-type mutants.
In normal development, ptc1 expression is first detect-
ble at around the 70% epiboly stage throughout the
araxial mesoderm, with transcript accumulating to par-
icularly high levels in the adaxial cells, the precursors of
he slow-twitch muscle; lower level expression is also
etectable in the neurectoderm above the axial mesoderm
Concordet et al., 1996). Around the same time, expression
f myoD is initiated specifically in the adaxial cells (Wein-
berg et al., 1996). To analyse the effects of u-type mutants
on ptc1 and myoD expression, the total progeny of het-
erozygous parents were collected and processed for in situ
hybridisation. Embryos exhibiting obvious deviations from
the wild-type expression patterns were then selected and
counted. The number of such aberrant embryos over the
total processed is indicated in square brackets in the text. In
most cases the ratios match the expected Mendelian ratios
of mutants to wild-type progeny, supporting the assump-
tion that the aberrant embryos are homozygous mutants.
In yot homozygotes, the adaxial expression of ptc1 is
significantly reduced, though not eliminated, by the end of
gastrulation [63/259] (Figs. 1A and 1B). At the same stage
myoD expression persists around the tailbud and in the
most caudal adaxial cells, but is lost from all other adaxial
cells [16/82] (Figs. 1C and 1D). In contrast, we could detect
no reduction in ptc1 or myoD expression in embryos
homozygous for con, you, or syu at the end of gastrulation/
tailbud stage [you, 0/82; syu, 0/54; con, 0/33] (data not
shown). The earliest we could reliably detect changes in
ptc1 expression in you, con, and syu embryos was at five to
six somites. At this stage we observed a very slight but
consistent reduction in ptc1 expression in a proportion of
the progeny of heterozygous mutant parents (Fig. 2): in the
case of syu [7/36] and con [11/52] this is equivalent to the
expected Mendelian ratio, whereas in the case of you [6/67]
it was significantly lower, possibly indicating that the you
allele analysed is hypomorphic. All three mutants also
exhibit a slight reduction in adaxial myoD expression at the
same stage [syu, 16/80; you, 15/64; con, 14/56].
By the 12- to 15-somite stage, the adaxial expression of
both ptc1 [18/78] and myoD [11/45] is significantly reduced
in syu homozygotes while expression of both ptc1 [27/115]
and myoD [12/50] is eliminated from adaxial cells in yot
homozygotes (Figs. 3C, 3D, 3G, and 3H). Embryos homozy-
gous for con and you also show reduced adaxial cell expres-
sion of myoD [con, 7/41; you, 15/82] and ptc1 [con, 11/54;
s of reproduction in any form reserved.
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FIG. 1. Early expression of ptc1 and MyoD in yot homozygotes. yot
o wild type (A and C, respectively). ptc1 is still expressed throughout t
yoD is expressed only in the tailbud and most posterior adaxial cells
The anterior stripe of expression that this reveals provides a spatial r
FIG. 2. Expression of ptc1 and MyoD in syu, con, and you at five to
or MyoD and krox-20 (A, C, E, and G) or ptc1 (B, D, F, and H). T
Wild-type embryos: note the strong expression of myoD in the adax
of ptc1 overlaps myoD in the adaxial cells; note also the strong ex
H) you; in all three mutants there is a slight reduction in the levels o
in the adaxial cells.are weaker than those seen in syu or yot (Fig. 3). In all cases,
xpression of myoD persists just around the tailbud at
p
m
Copyright © 1999 by Academic Press. All rightlightly higher levels than in the adaxial cells in the
zygotes have reduced expression of ptc1 (B) and myoD (D) compared
axial cells (B) but at much lower levels than in wild-type (A), whereas
Note that the embryos were also hybridised with a probe for krox-20.
ce point and a control for staining levels.
omites. Dorsal flat preparations of embryos hybridised with probes
ox 20 expression serves as a control for staining levels. (A and B)
lls and much weaker expression in the rostral somites. Expression
ion in the rostral neural tube. (C and D) syu, (E and F) con, (G and
ression of ptc1 and reduced and discontinuous expression of MyoDhomo
he ad
(D).
eferen
six s
he kr
ial ce
pressresomitic mesoderm. In contrast, the later expression of
yoD in the mediolateral region of each somite appears
s of reproduction in any form reserved.
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473Hedgehog and Muscle Specification in ZebrafishFIG. 3. ptc1 and MyoD expression at 10–15 somites. (A) Expression of myoD in 15-somite and (B) ptc1 in 10- to 12-somite stage wild-type
wt) embryos. At the 12- to 15-somite stage, the expression of myoD is reduced in the adaxial cells of embryos homozygous for syu (C), con
E), yot (G), and you (I). Note the persistent expression in the tailbud in yot homozygotes (G). Lateral somite expression of myoD is also
slightly reduced in the most rostral somites, most notably at this stage in syu, con, and yot. Expression of ptc1 is also reduced in the adaxial
ells of syu (D), con (F), yot (H), and you (J) homozygotes at the 10- to 12-somite stage.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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474 Lewis et al.normal except in the most rostral somites where it is also
reduced (Fig. 3—also described for yot in van Eeden et al.
1996)). No changes in ptc1 or myoD expression were
bserved in ubo homozygotes (data not shown).
At late somitogenesis stages, expression of ptc1 appears
as a distinctive striped pattern in the somites of wild-type
embryos (Concordet et al., 1996; Fig. 4A). The expressing
cells are located medially in clusters adjacent to the noto-
chord in the posterior half of each rostral somite and in the
anterior half of each caudal somite and include the MPs
(Fig. 4G). At the same stage, high levels of ptc1 transcript
are also detectable in the ventral region of the neural tube
(Figs. 4G and H), flanking the midline floor-plate cells that
express the Hh family genes shh (Krauss et al., 1993) and
twhh (Ekker et al., 1995).
Embryos homozygous for syu [16/54] continue to exhibit
a dramatic down regulation of ptc1 expression: transcript is
eliminated from the somites and the levels of expression in
the ventral neural tube are significantly reduced (Fig. 4B).
Similarly, in embryos homozygous for yot, expression of
ptc1 remains significantly reduced compared to wild type
[9/40] (Fig. 4D). In addition, amongst the siblings of yot
homozygotes at 18–20 somites, approximately two-thirds
exhibit a less pronounced reduction in ptc1 expression
[24/40] (Fig. 4C). We assume these to be the yot/1 heterozy-
gotes, in line with the previous finding that yot mutations
are semidominant (van Eeden et al., 1996).
In the case of embryos homozygous for con [29/113], we
used the expression of Eng proteins to identify mutant
embryos unequivocally. All the progeny of heterozygous
parents were processed for ptc1 expression and then stained
with the mAb 4D9 to reveal Eng expression in the MPs. In
this way, homozygous embryos could easily be identified
on the basis of the reduced number or complete absence of
MPs (cf. Figs. 4E and 4F). A substantial down regulation of
ptc1 expression first becomes apparent at the 18-somite
stage: such embryos exhibit very weak, if any, expression in
the somites and greatly reduced levels of transcript in the
ventral neural tube (Figs. 4E, 4F, 4G, and 4J). In contrast, in
you homozygotes [12/50] the effects on ptc1 expression, as
at earlier stages, are still relatively weak and variable.
FIG. 4. Expression of ptc1 at late somitogenesis stages in wild-typ
to the left unless otherwise stated. (A–G and J) 18- to 20-somite stag
were stained with mAb 4D9 to reveal the expression of Eng protein
expression in the midbrain/hindbrain region. (A) Wild-type express
in ptc1 expression. The specimen in (C) showing a slight reduct
omozygote, identified by the lack of somitic Eng expression (comp
n ptc1 expression. (G and J) Details of embryos shown in (E and F)
pioneers in con homozygotes. Lateral (H and K) and dorsal (I and L
in expression of ptc1 in somites and neural tube, also shown at l
howing normal expression of ptc1. (O) Lateral view of trunk regio
o reveal Eng expressing MPs. Each somite has a small number (1–imilar to those that surround MPs in wild-type embryos: note that thi
ower level Eng staining.
Copyright © 1999 by Academic Press. All rightTranscript levels are reduced, but to a much lesser extent
than in con, yot, or syu, consistent with the previous
description of the youty97a morphological phenotype (van
Eeden et al., 1996). The effects on ptc1 expression are most
obvious in the somites with a more subtle reduction in
neural tube expression (cf. Figs. 4H, 4K, 4I, and 4L). Em-
bryos homozygous for ubo [0/144] continue to exhibit
completely normal expression of ptc1 at this stage (Fig. 4N).
In principle, the changes in ptc1 transcription observed in
con and you homozygotes could be due to alterations in
either the expression or the activity of the various hh genes.
To investigate this possibility we analysed the expression of
all three hh genes in homozygous mutant embryos. We
found no differences in the expression of shh or, indeed, of
twhh or ehh in either case (data not shown). In addition,
RFLP analysis reveals that neither con nor you maps close
to ehh, twhh, or shh (P.H. and H.S., unpublished data).
Defective hh Signalling in Midline Mutants
Disrupts Muscle Cell-Type Specification
Previous analyses of the u-type mutants have suggested
that their characteristic misshapen somites arise specifi-
cally from a failure in the specification of the MPs (van
Eeden et al., 1996; Schauerte et al., 1998). Embryos ho-
mozygous for both yot and syu completely lack MPs (van
Eeden et al., 1996; Schauerte et al., 1998), while in con and
you homozygotes a few isolated MPs are occasionally found
in some rostral somites (van Eeden et al., 1996). Embryos
homozygous for ubo lack the strong expression of Eng
proteins that distinguishes the MPs, but in contrast to yot,
syu, con, or you, clusters of cells expressing lower levels of
Eng proteins, similar to those that surround the MPs in
wild-type embryos, are still detectable in each somite
(12/12 mutant cf. 21 wild-type embryos) (Figs. 4O and 4P;
van Eeden, 1997).
Muscle pioneers derive from a subset of the slow-twitch
myoblasts that are thought to be induced by Hh signalling
from the notochord (Blagden et al., 1997; Devoto et al.,
1996; Du et al., 1997). To investigate the effect of the u-type
mutants on slow-twitch muscle specification, mutant em-
d mutant embryos. Specimens are oriented dorsal side up, anterior
bryos; (H, I, and K–P) embryos at 26–30 somites. Specimens in E–G
rows indicate Eng expression in MPs; square brackets indicate Eng
f ptc1; (B) syu and (D) yot homozygotes showing strong reduction
n ptc1 expression is presumed to be a yot heterozygote. (F) con
o the wild-type sibling shown in (E)), exhibiting a strong reduction
rating the simultaneous loss of ptc1 expression and loss of muscle
ws of wild-type and you homozygous embryos showing reduction
magnification in (M). (N) ubo homozygote at same stage as (M)
a 26- to 30-somite stage wild-type embryo stained with mAb 4D9
cells that express high levels of Eng proteins located in the middlee an
e em
s: ar
ion o
ion i
are t
illust
) vie
ower
n of
5) of
f the somite adjacent to the notochord. (P) ubo homozygotes do not form MPs but have clusters of cells expressing lower levels of Engs embryo was stained longer than that shown in (O) to reveal the
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475Hedgehog and Muscle Specification in Zebrafishbryos were identified on the basis of somite morphology,
sectioned, and stained for MyHC. Consistent with the
strong effects on ptc1 and myoD expression and MP differ-
ntiation, we found that expression of the slow-muscle-
pecific myosin heavy chain (slow MyHC) is essentially
liminated in yot homozygotes (number analysed, n 5 11)
(Figs. 5B and 5L); however, while significantly reduced,
some expression persists in you (n 5 17) (Figs. 5I and 5N)
and syu (n 5 10) (Figs. 5H and 5M) homozygotes. In con
homozygotes (n 5 12), the number of slow-MyHC-
expressing cells is also reduced though to a lesser extent
than in syu or you (Figs. 5J and 5O). In all cases, the
fast-muscle-specific myosin heavy chain isoform is ex-
pressed at the appropriate time (Figs. 5A–5E).
Ectopic Expression of ptc1 Suppresses Early myoD
Expression and Slow Muscle Differentiation
Ptc protein acts to suppress activation of the intracellular
components of the Hh pathway by blocking the activity of
the Smo protein (reviewed in Ingham, 1998a). Consistent
with this, high level overexpression of ptc mRNA in Dro-
sophila has been shown to block the inductive effects of Hh
signalling, resulting in Hh loss-of-function phenotypes
(Johnson et al., 1995). Accordingly, we investigated whether
overexpression of Ptc1 would mimic the effects of disrupt-
ing Hh signalling on the specification of different muscle
cell types. High concentrations (1 mg/ml) of synthetic ptc1
mRNA were injected into one-cell stage embryos and the
injected embryos assayed for myoD expression at early
somitogenesis stages and for the presence of MPs and slow
muscle markers at 24 h postfertilisation (hpf). Injected
embryos exhibit a variety of morphological phenotypes at
24 hpf. Some displayed u-shaped somites (Figs. 6H and 6K)
and some had smaller eyes or eyes that are more closely
spaced (not shown), effects consistent with the attenuation
of Hh signalling to both the paraxial mesoderm and the
neural tube. Injection of mRNA at a concentration of 1
mg/ml elicited these effects in about 80% of embryos;
reducing the concentration by half resulted in a significant
decrease in the number of affected embryos. Therefore for
all of the subsequent experiments, we used mRNA at the
higher concentration. As a control for specificity, we in-
jected similar amounts of lacZ mRNA: this elicited no
specific defects.
To analyse the effects on the paraxial mesoderm in detail,
different batches of injected embryos were fixed at different
developmental stages. Of 300 embryos fixed at the 3- to
5-somite stage, approximately 80% showed varying degrees
of disruption of myoD expression, ranging from an inter-
ruption in the stripe of adaxial expression on one side of the
midline to complete suppression of all expression in adaxial
cells (Figs. 6A–6E). A further 1200 embryos were similarly
injected and the survivors fixed at the 20- to 22-somite stage
and stained for either slow MyHC or Eng expression. In
each case, a similar proportion showed a dramatic suppres-
sion of expression of either marker (see Table 1 for the Eng
Copyright © 1999 by Academic Press. All rightexpression data). In most cases, the effects were restricted
to a few contiguous somites per embryo, but approximately
10% of affected embryos showed a more widespread effect
with almost complete loss of superficial slow muscle and
MPs on one side of the embryo (Fig. 6M). In three separate
experiments (total 300 injected embryos) we used n-bgal
mRNA as a tracer in order to follow the distribution of the
injected ptc1 mRNA; this revealed a complete concordance
between the overexpression of ptc1 and the suppression of
slow muscle and MP differentiation, consistent with a
direct effect of Hh activity on muscle cell-type specification
(Figs. 6L and 6M).
To verify the specificity of ptc1 effects, we performed a
further series of experiments in which increasing concen-
trations of shh mRNA were co-injected with the ptc1
mRNA. Relatively low concentrations of shh mRNA effi-
ciently suppressed the effects of ectopic ptc1 expression,
restoring a wild-type pattern of MP differentiation to most
of the injected embryos (Table 1). At higher concentrations,
the effect of ptc1 overexpression was completely suppressed
and a proportion of embryos exhibited supernumerary MPs.
DISCUSSION
Several lines of evidence have implicated signalling from
the axial mesoderm in the specification of different muscle
cell types in the zebrafish embryo. In previous studies we
and others have shown that overexpression of various
members of the Hedgehog protein family can induce the
ectopic differentiation both of MP cells (Currie and Ingham,
1996; Hammerschmidt et al., 1996) and of superficial slow-
twitch muscles (Blagden et al., 1997; Du et al., 1997). Here
we have exploited the availability of mutations in the
zebrafish shh (Schauerte et al., 1998) and gli2 (Karlstrom et
l., 1999) genes (syu and yot, respectively) to analyse the
requirement for Hedgehog signalling in the induction of
these distinct muscle cell types. In addition we have inves-
tigated the involvement in Hh signalling of other genes
identified by mutants phenotypically similar to yot and syu
and have used overexpression of ptc1 to inhibit Hh activity
in the developing embryo. Our data suggest that different
Hh proteins act in a concerted manner to specify muscle
cell fate and that the u-type mutants con and you identify
genes required directly for Hh signalling.
The finding that mutations of syu map to and disrupt the
expression or activity of the shh gene (Schauerte et al.,
1998) confirms the postulated requirement for Shh in MP
induction (Currie and Ingham, 1996; Blagden et al., 1997;
Du et al., 1997). Surprisingly, however, we found that
superficial slow-twitch muscle cells, though substantially
reduced in number, are not eliminated, even in embryos
homozygous for a deletion of the shh gene, syut4. Thus
while Shh activity is sufficient to induce slow-twitch
myocytes, it is clearly not essential for their specification.
In line with this, expression of ptc1 and myoD in the slow
muscle precursor (adaxial) cells is initially unaffected in syu
s of reproduction in any form reserved.
476 Lewis et al.FIG. 5. Expression of slow and fast myosin in wild-type and mutant embryos. Separated and merged immunofluorescence images of
transverse sections of 26- to 30-somite stage embryos stained for fast MyHC (red) and slow MyHC (green). (A, F, and K) Wild-type embryo.
Most of the slow-myosin-expressing cells have by this stage migrated to the lateral edge of the somite with the exception of the MPs that
remain close to the notochord at the midline of the somite. (B, G, and L) yot homozygote; note the complete absence of all slow myosin
expression. (C, H, and M) syu homozygote showing reduction in the number of cells expressing slow myosin; note that these have migrated
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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477Hedgehog and Muscle Specification in Zebrafishhomozygotes and remains detectable, albeit at reduced
levels, even at the early stages of somitogenesis. Only
towards the end of somitogenesis is expression of ptc1
ubstantially down regulated in a manner consistent with
ts being a target of Shh activity.
There are two obvious explanations for these findings:
ither the adaxial-specific expression of ptc1 and myoD and
he subsequent differentiation of slow muscle can be in-
uced by a Hh-independent pathway or another Hh gene(s)
xpressed in the axial midline, such as ehh or twhh, can
artially compensate for the loss of shh activity. As we
iscuss below, two lines of evidence tend to favour the
atter hypothesis. First, overexpression of ptc1 can inhibit
he early expression of myoD and block the differentiation
f all slow-twitch muscle cells. And second, inactivation of
li2, a transcription factor implicated in Hh signal trans-
uction, similarly results in an early loss of myoD expres-
correctly. (D, I, and N) you homozygote showing reduction in slow-m
ail to migrate. (E, J, and O) A con homozygote showing normal dis
and J).
IG. 6. Overexpression of ptc1 suppresses slow muscle specificati
F–M) embryos at 24 hpf. (B, D, and E) Dorsal flat preparations i
verexpression of ptc1. These range from near elimination of adaxia
f the effects of syu, con, or you mutations (compare with Figs. 2C
he unequal distribution of the injected mRNA. (F and I) Lateral v
RNA stained with an antibody (BA-D5) that recognises slow mu
hevron shape of the somites in the uninjected embryo (F). Very f
tc1-injected embryo at 24 h. Note also the absence of the horizonta
iews of an uninjected embryo and a sibling embryo injected with
he complete elimination of MPs on one side of the notochord in
he embryo injected with ptc1 (K) has u-shaped somites, reminisce
he wild-type embryo (H). (L and M) Eng expression in the MPs (gre
the majority of the injected message (as revealed by distribution of t
s no effect on MP induction as revealed by wild-type pattern of
hevron shaped as in wild-type embryos. The low level Eng express
bres. In the embryo shown in (M), in contrast, there is a large am
ABLE 1
he Effects of Ectopic ptc-1 Expression of Muscle Pioneer Cell Di
Conc. of co-injected
shh mRNA
No. of embryos
injected
No. of embryos
surviving at 20 hpf
0 mg/ml 600 546
0.06 mg/ml 100 89
0.2 mg/ml 100 72
0.3 mg/ml 100 82
Note. In all experiments, ptc-1 mRNA was injected at a concent
Eng expression in these muscle cells.
a Loss of MPs in these embryos ranged from absence in one to se
omites (41 embryos).he distribution of the N-bgal protein. In this case, there is no detectabl
n the Ptc1-expressing somitic cells. Note the u-shaped nature of the so
Copyright © 1999 by Academic Press. All rightion and the complete absence of slow-twitch muscle
ifferentiation.
In Drosophila, Ptc activity has been shown to suppress
he intracellular pathway that transduces the Hh signal.
ctivation of Hh targets is achieved by the inhibition of Ptc
ctivity, either by Hh binding to Ptc or by mutation of the
tc gene. Conversely, overexpression of Ptc can block the
ffects of Hh activity, resulting in a hh loss-of-function
henotype (reviewed in Ingham, 1998a). Similar effects of
tc inactivation on Hh signalling have been observed in
ice (Goodrich et al., 1997), suggesting that the function of
he Ptc proteins has been conserved between invertebrates
nd vertebrates. Since different Hh proteins can induce the
ame ptc gene in all the vertebrates analysed to date (see
ewis et al., 1999), we reasoned that overexpression of ptc1
ight antagonise the effects of all Hh proteins expressed in
he axial midline of the fish embryo. As expected if Ptc1
in-expressing cells similar to that seen in syu. Note that some cells
tion of slow muscle cells except for the absence of MPs (compare
d MP induction. (A–E) Embryos at early somitogenesis stages and
ating the variable effects on adaxial myoD expression following
oD expression (E) to a reduction in transcript levels (B) reminiscent
and 2G). The unilateral effects in B and D are most likely due to
of an uninjected embryo and a sibling embryo injected with ptc1
yosin. Note the strong staining of the muscle fibres and distinct
low muscle fibres are detectable with the BA-D5 antibody in the
oseptum and the u-shaped somites of this embryo. (G and J) Dorsal
mRNA, stained with the 4D9 mAb to reveal Eng expression. Note
tc1-injected embryo. (H and K) Somites of live embryos at 24 hpf.
the u-type mutants; compare with the chevron-shaped somites of
aining) in embryos co-injected with ptc1 and n-bgal mRNAs. In (L)
-bgal protein, red staining) is localised to the neural tube and there
rotein expression in the somites. Also note that the somites are
n a cloud of nuclei around the MPs is in the adjoining fast muscle
of injected message that is localised in the somites as revealed by
tiation
% embryos showing
loss of MPs
% embryos with
wild-type MPs
% embryos with
ectopic MPs
86a 14 0
8 92 0
0 83 17
0 15 85
n of 1 mg/ml. The status of the MPs was analysed by staining for
somites (428 embryos) to dramatic unilateral elimination from allyos
tribu
on an
llustr
l My
, 2E,
iew
scle m
ew s
l my
ptc1
the p
nt of
en st
he N
Eng p
ion i
ountfferen
ratioe Eng expression, indicating that MP induction has been inhibited
mites.
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478 Lewis et al.blocks Shh activity, embryos injected with synthetic ptc1
mRNA exhibited somitic defects and specifically lacked
muscle pioneer cells; in addition they showed a concomi-
tant loss of myoD expression in the adaxial cells even at the
onset of somitogenesis. This contrasts with the reduced but
continuous expression of myoD observed in syu mutants at
the equivalent stages and implies that myoD expression can
be induced or maintained by other Hh proteins, either Ehh,
which is expressed exclusively in the notochord (Currie and
Ingham, 1996), or Twhh, which is expressed exclusively in
the floor plate (Ekker et al., 1995). Because of the nature of
the experiment, the effects varied considerably between
embryos, but in extreme cases we also observed complete
elimination of slow muscle cells, again contrasting with the
syu phenotype. Viewed in this light, the effects of Ptc1
overexpression suggest that Twhh and/or Ehh can contrib-
ute to the regulation of gene expression that underlies the
commitment of adaxial cells to the slow muscle fate.
This interpretation is strongly supported by our analysis
of the effects of loss of Gli2 activity in yot mutant embryos.
Like syu, homozygous yot embryos also show a dramatic
eduction in the somitic expression of ptc1 at late somito-
enesis stages. In contrast to syu, however, expression of
tc1 is already significantly reduced and adaxial myoD
xpression is largely eliminated in yot homozygotes prior to
he onset of somitogenesis. This suggests that loss of Gli2
ctivity, like overexpression of Ptc1 protein, blocks signal-
ing by other Hh proteins as well as Shh: in line with this,
e found that yot mutant embryos are essentially devoid of
low-twitch muscle cells. We note, however, that even in
ot homozygotes, neither myoD nor ptc1 expression is
completely eliminated at late gastrulation stages: ptc1 is
very weakly expressed throughout its normal domain,
whereas myoD is still expressed quite strongly in the most
caudal adaxial cells and in the tailbud. This contrasts with
the complete suppression of myoD expression that is elic-
ited by Ptc1 overexpression and suggests that Gli2 function
may also be partially dispensable for Hh signalling, at least
at these early stages of development. One possibility is that
the related Gli1 protein can substitute for Gli2; evidence for
such a functional overlap between Gli1 and Gli2 has
recently been presented in a different context by Karlstrom
et al. (1999).
A striking finding of our analysis is that MP and superfi-
cial slow-twitch muscle differentiation can be separated by
attenuating Hh signalling. Thus while it is clear that
specification of both cell types requires Hh signalling, as
evidenced by the phenotypes of yot homozygous embryos
or embryos in which ptc1 is overexpressed, the phenotypes
of syu and con mutants show that superficial slow muscle
can still differentiate in embryos in which MP differentia-
tion is suppressed. A similar phenomenon had previously
been noted in ntl mutants, in which muscle pioneers fail to
differentiate despite the normal specification of superficial
slow muscle cells (Blagden et al., 1997; Halpern et al.,
1993). Since axial midline cells in ntl embryos express shh
but not ehh, it was proposed that Ehh activity is specifically
Copyright © 1999 by Academic Press. All rightrequired for the induction of MPs, Shh acting to induce the
slow muscle precursors (Currie and Ingham, 1996). Our
current findings, however, tend to argue against this model:
indeed they indicate that Shh is dispensable for slow
muscle precursor induction, while being essential for MP
specification. Since both Twhh and Ehh are expressed
normally in syu mutants, we conclude that the activity of
ne or both of these proteins is sufficient to induce slow
uscle differentiation in the absence of Shh, but insuffi-
ient to induce MP differentiation. In this view, the most
arsimonious interpretation of our data is that the two
uscle cell types (MPs and superficial slow twitch) are
nduced by different levels of the combined activities of
ach of the Hh proteins expressed in midline structures,
ith MPs requiring higher levels of activity for their speci-
cation than the superficial slow-twitch muscles. It is
otable, however, that there is a correlation between the
ifferential effect on MP versus superficial slow muscle and
he temporal differences in the effects on Hh-dependent
ene expression between, on the one hand, the yot mutants
nd embryos overexpressing Ptc1 and on the other, con and
yu mutant embryos. This correlation could reflect a spe-
ific requirement of the MP cells for prolonged Hh signal-
ing. Definitive investigation of these possibilities will
equire the analysis of embryos in which the activity of
ach of the Hh genes is specifically inactivated.
Our analysis of ptc1 expression has confirmed a role for
wo other members of the u-type class, con and you, in the
ropagation or transduction of the Hh signals between the
otochord and the paraxial mesoderm. It is striking that the
ffects of both these mutants are like those of syu, initially
eak and increasing in severity with developmental time.
hether this reflects a hypomorphism of the you and con
lleles or a specificity in the function of the you and con
ene products remains to be elucidated. Finally, we note
hat in Drosophila, at least nine genes are known to act
ownstream of the Hh signal (reviewed in Ingham, 1998b),
o it is likely that mutations in other genes with similar
henotypes have yet to be found in the zebrafish. It will be
nteresting to learn whether you or con identifies homo-
ogues of the Drosophila Hh pathway genes.
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